We have demonstrated that astaxanthin reduces glomerular oxidative stress as well as inhibits the increase in urinary albumin in diabetic db/db mice. The aim of the present study was to determine the gene expression patterns in the glomerular cells of the diabetic mouse kidney, and to investigate the effects of astaxanthin on the expression of these genes using a high-density DNA microarray. The diet administered to the astaxanthin-supplementation group was prepared by mixing a control powder with astaxanthin at a concentration of 0.02%. Glomerular cells were obtained from the kidneys of mice by laser capture microdissection. Preparation of cRNA and target hybridization were performed according to the Affymetrix GeneChip eukaryotic small sample target labeling assay protocol. The gene expression profile was evaluated by the mouse expression set 430A GeneChip. Array data analysis was carried out using Affymetrix GeneChip operating and Ingenuity Pathway analysis software. Comparison between diabetic db/db and non-diabetic db/m mice revealed that 779 probes (3.1%) were significantly affected, i.e. 550 probes were up-regulated, and 229 probes were down-regulated, both at levels of ≥1.5-fold in the diabetic mice. Ingenuity signal analysis of 550 up-regulated probes revealed the mitochondrial oxidative phosphorylation pathway as the most significantly affected caronical pathway. The affected genes were associated with complexes I, III, and IV located on the mitochondrial inner membrane, and the expression levels of these genes were decreased in mice treated with astaxanthin as compared to the levels in the control mice. In addition, the expression of many genes associated with oxidative stress, collagen synthesis, and transforming growth factor-ß signaling was enhanced in the diabetic mice, and this enhancement was slightly inhibited in the astaxanthin-treated mice. In conclusion, this genomewide nutrigenomics approach provided insight into genes and putative genetic pathways that are thought to be affected by stimulation by high-glucose concentrations. In addition, the present approach may help us gain a better understanding of the genes and pathways involved in the anti-diabetic mechanism of astaxanthin.
Introduction
It has been postulated that increased oxidative stress by high glucose concentrations in the blood is important in the pathogenesis of diabetic nephropathy. Studies using natural and synthetic antioxidants have provided convincing evidence that glomerular hypertrophy and the accumulation of collagen and transforming growth factor-ß (TGF-ß) due to high glucose concentrations are largely mediated by reactive oxygen species (1) (2) (3) (4) . Kaneko and colleagues (1) have reported that antioxidant treatment (N-acetyl-L-cysteine, vitamins C and E) can exert beneficial effects on db/db mice, with the preservation of in vivo ß-cell function. It has also been reported that antioxidant treatment with vitamin E, probucol, ·-lipoic acid, or taurine normalized not only diabetes-induced renal disorders such as albuminuria and glomerular hypertension, but also various types of glomerular pathology (3) . It is thought that such studies might provide further insight into therapeutic strategies for treating patients with diabetes mellitus.
Astaxanthin, a common red-colored pigment found in algae, fish, and birds, is a carotenoid that exerts many highly potent pharmacological effects, including antioxidative activity (5, 6) . Astaxanthin is reported to be more effective than other antioxidants such as vitamin E and ß-carotene in the prevention of lipid peroxidation in solution and in various biomembrane systems. In 2002, we first reported the potential usefulness of astaxanthin treatment for reducing glucose toxicity using db/db mice, a rodent model of type 2 diabetes (7). The ability of islet cells to secrete insulin was determined by the glucose tolerance test, and this ability was found to be preserved in an astaxanthin-treated group, although a histological study of the pancreas revealed no significant differences in the ß-cell mass between astaxanthin-treated and -untreated db/db mice (7) . Using the same model of diabetic mice, we recently demonstrated that astaxanthin treatment significantly ameliorates diabetic nephropathy, which is detemined based on urinary albumin levels and histological findings (8) . In addition, it was clearly observed that longterm oral treatment with astaxanthin reduced not only the increased albuminuria otherwise observed in untreated diabetic mice but also ameliorated such an increase in the urinary excretion of 8-hydroxydeoxy-guanosine and in 8-OHdG expression in the mesangial cells with little effect on blood glucose levels (8) . Furthermore, our data demonstrated that the esterified astaxanthin used in our previous study was effectively absorbed and was transported successfully to the kidneys (8) . Taken together, these results suggested that astaxanthin might directly attenuate diabetic oxidative damage, although a slight decrease in blood glucose levels would also be expected to contribute to the attenuation of such oxidative damage.
In patients with diabetic nephropathy as well as in experimental animal models, various molecules associated with oxidative stress, collagen synthesis, and transforming growth factor-ß (TGF-ß) have been reported to play important roles in the onset and aggravation of diabetic nephropathy (9, 10) . The enhanced expression of these molecules, the abnormal regulation of cell signaling, and the genetic polymorphism of these genes may all contribute to dysregulated cell proliferation and to an enhanced expansion of the extracellular matrix in the renal glomerular region. Many studies on the pathogenesis of diabetic nephropathy have been based on the analysis of the expression of a single molecule, or a relatively limited number of these molecules in diabetic glomerular cells. Recently, DNA microarray techniques have become available that have enabled the characterization of the mRNA expression pattern of a large number of genes simultaneously. In this study, we identified specific gene expression profiles in the renal glomerular cells of diabetic db/db mice, and we investigated the effects of astaxanthin on the expression of these genes using a comprehensive GeneChip system analysis.
Materials and methods
Animals and experimental design. Six-week-old female db/db mice, a rodent model of type 2 diabetes, and their nondiabetic db/m littermates were purchased from the Clea Japan Co. Ltd. (Tokyo, Japan), and kept under controlled conditions with a 12-h light/dark cycle at 21-25˚C. The mice were fed commercial CE-2 (Clea Japan) with free access to water for 1 week to adapt to the new environment. The CE-2 diet contained (g/100g): moisture 8.9, protein 25.4, fat 4.4, fiber 4.1, ash 6.9, carbohydrates 50.3, and sufficient vitamins and minerals to maintain the health of the mice. The mice were divided into three groups as follows: non-diabetic, db/m; diabetic, db/db; and diabetic db/db treated with astaxanthin. Each of the groups contained 3 mice. The diet for the astaxanthin supplementation group was prepared by mixing CE-2 powder with astaxanthin (Fuji Chem. Industry Co. Ltd, Toyama, Japan) at 0.02%. The food intake was measured daily for 6 weeks before dissection. The body weight of the mice was measured every 7 days. Maintenance of the animals and experimental procedures were carried out in accordance with the guidelines of the US National Institutes of Health for the Use of Experimental Animals. The procedures were approved by the Animal Care Committee of the Kyoto Prefectural University of Medicine.
Laser capture microdissection, cRNA amplification, and GeneChip hybridization. We used laser-assisted microdissection to obtain cell-specific RNA. Renal glomerular cells were identified on cryostat sections (8 μm) of specimens obtained from the kidneys of the mice, and the cells were isolated by laser-assisted microdissection using an LM200 system (Olympus, Tokyo, Japan) (Fig. 1) . A sample containing several hundred cells was collected from each kidney. Although laser capture microdissection can be used to produce cell-specific RNA, this method is limited by the amount of RNA that can be realistically obtained from captured populations of cells, making it unlikely that the yield would be sufficient for the commonly used GeneChip assay. To overcome this obstacle, our experiments were performed according to the Affymetrix GeneChip Eukaryotic small sample target labeling assay protocol (version II). Using this protocol, we succeeded in obtaining a sufficient amount of biotinylated cRNA to perform the GeneChip analysis from the small amount of renal glomerular cells obtained by laser captured microdissection.
The total RNA was extracted using a Qiagen RNeasy kit (Qiagen, Valencia, CA) and was treated with DNase1 (DNase1 kit, Qiagen) to remove any residual genomic DNA. Briefly, for the first-strand cDNA synthesis, the total RNA sample (1 μl), mixed with T7-Oligo(dT) promoter primer (5 μM, 1 μl), was incubated at 70˚C in a thermal cycler for 6 min, cooled to 4˚C for 2 min, and was reverse-transcribed for 1 h at 42˚C with 3 μl of the RT Premix 1 [1.5 μl DEPC- Figure 1 . Laser capture microdissection. Renal glomerular cells were isolated by laser-assisted microdissection using an LM200 system. Left, before microdissection; right, after microdissection. treated water, 4 μl 5X first-strand buffer, 2 μl DTT (0.1 M), 1.5 μl dNTP mix (10 mM), 1 μl RNase inhibitor (40 U/μl), and 2 μl SuperScript II (200 U/μl)]. The sample was then heated at 70˚C for 10 min to inactivate the SuperScript II, and was cooled to 4˚C. Second-strand cDNA synthesis was carried out by adding 32.5 μl of SS Premix 1 [91 μl DEPCtreated water, 30 μl 5X second strand buffer, 3 μl dNTP mix (10 mM), 1 μl E. coli DNA ligase (10 U/μl), 4 μl E. coli DNA polymerase I (10 U/μl), and 1 μl RNaseH (2 U/μl)] and incubating the sample for 2 h at 16˚C. The resulting cDNA was treated with 1 μl T4 DNA polymerase (5 U/μl) for 10 min at 16˚C, and was cleaned by ethanol precipitation. To perform in vitro transcription, the dried double-stranded cDNA pellet was mixed with the following reagents (10 μl): 4 μl DEPC-treated water, 4 μl premixed NTPs, 1 μl 10X reaction buffer, and 1 μl 10X enzyme mix, and the sample was incubated at 37˚C in a water bath for 6 h. The first-cycle cRNA was cleaned using the RNeasy mini protocol for RNA cleanup accompanying the RNeasy mini kit for cRNA purification (Qiagen, Valencia, CA). For the second cycle of amplification and labeling, the cRNA sample was mixed with random primers (0.2 μg/μl), incubated at 70˚C for 10 min, cooled on ice for 2 min, and incubated at 42˚C for 1 h with 5 μl of the RT Premix 2 [5X first-strand buffer, DTT (0.1 M), dNTP mix (10 mM), RNase inhibitor (40 U/μl), and SuperScript II (200 U/μl)]. Second-strand cDNA synthesis was carried out by mixing the sample with 5 μM T7-Oligo(dT) promoter primer, incubating the resulting mixture at 70˚C for 6 min, cooling it at 4˚C, and re-incubating the sample with 62 μl of SS Premix 2 [43.5 μl DEPC-treated water, 15 μl 5X second strand buffer, 1.5 μl dNTP mix (10 mM), and 2 μl E. coli DNA polymerase I (10 U/μl)]. The resulting cDNA was treated with 1 μl T4 DNA polymerase (5 U/μl) for 10 min at 16˚C, and cleaned up by ethanol precipitation. To perform in vitro transcription and labeling with the ENZO BioArray high yield RNA transcript labeling kit, the dried double-stranded cDNA pellet was incubated at 37˚C for 4 h with 40 μl of the following reagents: 22 μl DEPC-treated water, 4 μl 10X HY reaction buffer, 4 μl 10X biotin labeled ribonucleotides, 4 μl 10X DTT, 4 μl 10X RNase inhibition mix, and 2 μl 20X T7 RNA polymerase. Labeled cRNA target was cleaned using RNeasy columns. The fragmentation, hybridization, washing, and staining were carried out according to the instructions described in the GeneChip expression analysis technical manual. Affymetrix GeneChip arrays (Affymetrix, Santa Clara, CA) were hybridized with the biotinylated products (5 μg/chip) for 16 h at 45˚C using the manufacturer's hybridization buffer. After washing the arrays, hybridized RNA was detected by staining the sample with streptavidin-phycoerythrin (6X SSPE, 0.01% Tween-20, pH 7.6, 2 mg/ml acetylated bovine serum albumin, and 10 μg/ml of streptavidin-phycoerythrin from Molecular Probes). The DNA chips were scanned using a specially designed confocal scanner (GeneChip Scanner 3000, Affymetrix).
Data analysis. Array data analysis was carried out using Affymetrix GeneChip operating software (GCOS) version 1.0. GCOS analyzes image data and computes an intensity value for each probe cell. Briefly, mismatch probes act as specificity controls that allow the direct subtraction of both background and cross-hybridization signals. To determine the quantitative RNA abundance, the average difference values (i.e., gene expression levels) representing the perfect matchmismatch for each gene-specific probe family was calculated, and the fold changes in average difference values were determined according to Affymetrix algorithms and procedures as follows: I, increase; MI, marginal increase; D, decrease; MD, marginal decrease; and NC, no change. For the pathway analysis, gene probe set ID numbers were imported into the Ingenuity pathway analysis software (Ingenuity Systems, Mountain View, CA). The identified genes were mapped to genetic networks available in the Ingenuity database and were then ranked by a score. The score is the probability that a collection of genes is equal to or greater than the number in a network that could be achieved by chance alone. A score of 3 indicates that there is a 1/1000 chance (p=0.001) that the focus genes randomly occur in a network. Therefore, gene sets with scores of ≥3 have a 99.9% confidence level of not being randomly generated. This score was used as the cut-off for identifying gene networks significantly affected by indomethacin.
Results and Discussion
In the present study, we used a high-density oligonucleotide microarray technique for the mRNA expression profile of renal glomerular cells in order to investigate the mechanism of diabetic nephropathy and to clarify the effects of chronic treatment with astaxanthin on these changes in the levels of mRNA. We used the GeneChip of mouse expression array 430A (Affymetrix), which contained 22,690 probes representing ~15,000 full-length sequences and ~4,000 EST clusters selected from the UniGene database. Comparison of the expression profiles from normal db/m and diabetic db/db mice, and from db/db and astaxanthin-treated db/db mice enabled the identification of differentially regulated genes associated with diabetic-induced hyperglycemia and activity of astaxanthin, respectively.
The present study showed that of the 22,690 probes examined, 779 (3.4%) were up-regulated (550 probes) or down-regulated (229 probes) ≥1.5-fold in the diabetic mice in comparison with the db/m mice (Fig. 2) . Tables I and II show ≥5.0-fold up-regulation and down-regulation, respectively, of genes in the diabetic mice in comparison with those of the db/m mice. Among the 550 up-regulated and 229 down-regulated probes in the diabetic mice, the expression levels of 520 (94.5%) and 125 (54.5%) probes, respectively, were reversed by treatment with astaxanthin. To further refine the list of diabetes-affected genes, our next goal was to identify the genes that are known to interact biologically. To this end, we used the pathway analysis tool (Ingenuity System) to carry out analyses of the 550 upregulated genes. Table III shows 6 genetic networks affected in the glomerular cells of diabetic mice, as defined by the pathway analysis tool. These networks describe functional relationships between gene products based on known interactions reported in the literature. These networks were associated with oxidative phosphorylation, the citrate cycle, ubiquinone biosynthesis, pyruvate metabolism, fatty acid Table I . Up-regulated genes in db/db mice. 
Average difference indicates the level of expression of the gene.
b Fold changes in average difference values were calculated using an Affymetrix software algorithm (GCOS ver 1.0).
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b Fold changes in average difference values were calculated using an Affymetrix software algorithm (GCOS ver. 1.)
- ----------------------------------------------------------------------------------------------------------------------------------------------- biosynthesis, and the synthesis/degradation of ketone bodies. The results regarding networks associated with the oxidative phosphorylation pathway were found to be highly significant, since a greater number of identified genes were present in this pathway than would be expected by chance. This pathway includes 20 probe sets for genes located at the inner mitochondrial membrane, and these genes are members of the electron transport system complexes I, III, and IV (Fig. 3) . The abnormal up-regulation of these genes may be associated with the increased production of reactive oxygen species (ROS) from the mitochondrial membrane, which has also been demonstrated in previous studies. Recently, Nishikawa et al (11) showed that the hyperglycemia-induced production of ROS is abrogated by inhibitors of mitochondrial metabolism or by the overexpression of uncoupling protein-1 (UCP-1) or manganese superoxide dismutase (MnSOD). In addition, normalization of mitochondrial ROS production by each of these agents can prevent glucose-induced activation of protein kinase C, the formation of advanced glycation end products, the accumulation of sorbitol, and the activation of nuclear factor kb (NF-kb) in bovine vascular endothelial cells, as well as in cultured human mesangial cells (11, 12) , all of which are known to be involved in the development of diabetic complications. The present study showed that the expression of up-regulated mitochondrial genes was decreased by treatment with astaxanthin (Table IV) . These data may suggest that astaxanthin can reverse the abnormal function of glomerular cell mitochondria in diabetic db/db mice.
Next, in order to focus on diabetic nephropathy, the number of genes was narrowed down to 247 probe sets, which were selected using software of NetAffyx™ analysis center (http://www.affymetrix.com/analysis/index.affx, July 1, 2005) and the following keywords; oxidative stress, transforming growth factor (TGF), and collagen. Among 90 probes related to oxidative stress, 21 were up-regulated in the diabetic db/db mice, as compared to the db/m mice. As shown in Table V , 3 probes of tyrosine 3-monooxygenase were upregulated at least 8.0-fold in the diabetic mice in comparison with the db/m mice; however, there were no significant differences between the db/db mice and the astaxanthintreated db/db mice. The peroxiredoxin 1 gene probe (1436691_x_at) was a highly up-regulated gene in diabetic mice and was significantly reduced by a ratio of 0.14 by treatment with astaxanthin. In the mouse expression array 430A (Affymetrix), four probe sets were included for the peroxiredoxin gene: 1436691_x_at, 1433866_x_at, 1434731 _x_at, and 1437014_x_at. The expression of all four probes was up-regulated at least 8.0-fold in the diabetic mice, and was down-regulated by treatment with astaxanthin (Table V) . Peroxiredoxin 1 has been shown to play an important role in the defense against oxidative stress (13) , and thus the enhanced expression of peroxiredoxin 1 indicates the presence of such stress. Similar to peroxiredoxin 1 expression, the mRNA expression of catalase (1416430_at, 1416429 _a_at), superoxide dismutase 1 (1451124_at), and glutathione peroxidase 3 (1449106_at) was also increased in diabetic mice, and these increases were significantly inhibited by treatment with astaxanthin. Our previous study showed that astaxanthin accumulated in the kidneys of mice after 3 weeks of the administration of a diet containing 0.02% astaxanthin (8) . Therefore, the inhibition of the expression of these oxidative stress-responsive genes by an astaxanthincontaining diet, demonstrated in the present study, may indicate that astaxanthin absorbed from the intestine can act as an antioxidant in the glomerular lesion in vivo. The present data are also consistent with those of the our previous study, in which urinary and kidney 8-hydroxydeoxyguanosine levels, an index of oxidative DNA damage, exhibited marked reduction by treatment with astaxanthin, in spite of high blood glucose conditions.
It has been demonstrated that the activation of protein kinase C (PKC) and the stimulation of the fibrogenic TGF-ß system by diabetogenic factors such as hyperglycemia and increased protein glycation are pathogenetically linked to the process of diabetic nephropathy (14) (15) (16) . Diabetic nephropathy is also associated with renal overproduction of the extracellular matrix proteins fibronectin and type IV collagen, as well as with the increased expression of the mRNA encoding these proteins (17, 18) . The importance of TGF-ß signaling in the Table III . Ingenuity canonical pathway analysis for up-regulated genes in diabetic db/db mice. 
----------------------------------------------------------------------------------------------------------------Canonical pathway Significance Genes ------------------------------------------------------------------------------------------------------------------------------
Duplicates. Gene/Protein IDs with multiple identifiers from the input list mapped to a single gene in the Global Molecular Network.
pathophysiology of diabetic nephropathy is, in part, confirmed by the results of the present study. Of the 157 probes for genes related to TGF-ß and collagen signaling, 24 were upregulated in diabetic db/db mice, as compared to db/m mice (Table V) . Of the 24 up-regulated probes, the expression of only 5 (transglutaminase 2, guanine nucleotide binding protein, proteasome subunit ß3, ubiquitin B, and secreted phosphoprotein) was significantly decreased by the treatment with astaxanthin, as shown in Table V . We observed increased expression of two probes of transglutaminase 2 (1433428_x_at, 1437277_x_at) in the db/db mice. It has been reported that tissue transglutaminase enzyme is implicated in protein crosslinking by the formation of increased ε-(Á-glutamyl) lysine bonds between extracellular matrix components in the diabetic kidneys of both db/db mice and human patients with diabetes (19) . The present study revealed that this increased expression was markedly reversed by treatment with astaxanthin. These data indicate the possible pathogenic role of transglutaminase 2 in the development of diabetic nephropathy. Furthermore, secreted phosphoprotein 1 is known to be a homolog of human osteopontin. Recent studies have demonstrated that osteopontin plays a role in regulating the accelerated mesangial cell growth and collagen synthesis found in a hyperglycemic environment (20) , and it has also been shown that plasma osteopontin is elevated along with the progression of diabetic nephropathy (21) . In the present study, a probe of secreted phosphoprotein 1 (1449254_at) was up-regulated at a ratio of 4.92 in diabetic mice, and this effect was significantly inhibited by treatment with astaxanthin at a ratio of 0.13. These findings suggest that secreted phosphoprotein 1 may be a good bio-marker for evaluating the efficacy of dietary food Table IV . Up-regulation of mitochondrial oxidative phosphorylation-related genes and their inhibition by astaxanthin. - Table V . The effects of astaxanthin treatment on oxidative stress-, cytokine-, TGF-, and collagen-related gene expression. factors against diabetic nephropathy. In addition, some genes associated with TGF-ß and collagen signaling were upregulated in the present study, such as connective tissue growth factor (CTGF), TGF-ß 1-induced transcript 4, and type IV procollagen. Although the significant roles played by these genes in the pathogenesis of diabetic nephropathy have been demonstrated, the inhibition of their expression by astaxanthin was not found to to be statistically significant in the present study.
In conclusion, changes in the gene expression profile of glomerular cells in the early phase of diabetic nephropathy in db/db mice were surveyed by laser capture microdissection/ GeneChip analysis. In a comparison of db/m and db/db mice, we found that 779 probes showed a ≥1.5-fold difference with respect to the expression levels in each type of mouse. We identified the mitochondrial oxidative phosphorylation pathway as the caronical pathway that is most significantly affected by diabetic nephropathy in mice. Long-term treatment with astaxanthin significantly decreased the expression of upregulated probes, including those genes associated with oxidative phosphorylation, oxidative stress, and the TGF-ß-collagen synthesis system. Table V . Continued. 
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